abstract: The life histories of many species depend first on dispersal to local sites and then on establishment. After dispersal, density-independent and density-dependent mortalities modify propagule supply, determining the number of individuals that establish. Because multiple factors influence recruitment, the dichotomy of propagule versus establishment limitation is best viewed as a continuum along which the strength of propagule or establishment limitation changes with propagule input. To evaluate the relative importance of seed and establishment limitation for plants, we (1) describe the shape of the recruitment function and (2) use limitation and elasticity analyses to quantify the sensitivity of recruitment to perturbations in seed limitation and density-independent and density-dependent mortality. Using 36 seed augmentation studies for 18 species, we tested four recruitment functions against one another. Although the linear model (accounting for seed limitation and density-independent mortality) fitted the largest number of studies, the nonlinear Beverton-Holt model (accounting for density-dependent mortality) performed better at high densities of seed augmentation. For the 18 species, seed limitation constrained population size more than other sources of limitation at ambient conditions. Seedling density reached saturation with increasing seed density in many studies, but at such high densities that seedling density was primarily limited by seed availability rather than microsite availability or density dependence.
For organisms that are sessile or display high site fidelity, local abundance depends on successful propagule dispersal and establishment (Caley et al. 1996) . Most marine and plant populations are open, with dispersal playing a major role in the supply of propagules to local sites. Densityindependent and density-dependent mortalities subsequently modify the initial supply to determine the number of individuals that establish and persist into later life stages. The relative importance of dispersal and establishment processes is uncertain. One perspective holds that population size and distribution of juveniles and adults reflect propagule supply (Gaines and Roughgarden 1985; Eriksson and Ehrlén 1992) . A contrasting viewpoint is that distribution and abundance are determined primarily by the quality of suitable sites for recruitment and the effect of density-dependent survival within these sites (Crawley 1990; Hixon and Carr 1997) . These processes that limit recruitment are often broadly referred to, respectively, as "seed" and "establishment" limitation in the plant literature and as "supply" and "habitat" limitation in the marine literature. Postdispersal processes can be further partitioned according to whether they cause densitydependent or density-independent mortality between propagule arrival at a site and recruitment into a later life stage (Clark et al. 1998; Schmitt et al. 1999; Muller-Landau et al. 2002; Osenberg et al. 2002) .
Any particular system is affected by a combination of dispersal and establishment processes. Thus, most plants, for example, are probably not completely seed or establishment limited. Although several studies have demonstrated the importance of seed and establishment limitation for seedlings (Turnbull et al. 2000; Dalling et al. 2002; Siemann and Rogers 2003) , the relative importance of these processes has not been evaluated. The challenge is to quantify both types of limitation, partition the processes into those that are density dependent and those that are density independent, and compare the conditions that in-fluence their relative importance as determinants of recruitment. To accomplish this, we need an analytical framework that moves beyond the mere detection of seed or establishment limitation. Such frameworks have been developed in the marine literature (Schmitt et al. 1999; Doherty 2002; Osenberg et al. 2002) but are largely lacking in the plant literature. To quantify the strength of processes that limit recruitment, these approaches first require development of the recruitment function, the functional form that relates the number of recruits (i.e., reef fish or plants) to the initial input of propagules (planktonic larvae or seeds). In this article, we draw on approaches developed for marine fishes to further our understanding of terrestrial plants: first, we develop a conceptual and analytical model of seedling recruitment; second, we use the model to quantify the relative importance of seed and establishment limitation and partition the roles of density-independent and density-dependent processes; third, we apply this framework to 18 plant species, using data from the literature; and finally, we present guidelines on how to most effectively design future experiments to quantify the relative importance of seed and establishment limitation.
Approach

Conceptual and Analytical Framework
Most empirical investigations of seed and establishment limitation have experimentally treated these forms of limitation as mutually exclusive processes, despite recognition that they act simultaneously . Experiments designed to address what limits plant populations typically involve adding seeds to plots and comparing the number of seedlings to that in control plots where no seeds have been added (Turnbull et al. 2000) . If the addition of seeds significantly increases recruitment, then the species is considered to be seed limited. On the other hand, if the addition of seeds has no influence on recruitment, then the species is considered to be establishment limited. In this framework, establishment limitation potentially includes seedling mortality and seed predation as well as seed inviability; once seeds are augmented, any failure to recruit is attributed to postdispersal processes.
We move beyond this dichotomous approach by adopting a framework developed for reef fish (Schmitt et al. 1999; Osenberg et al. 2002) . We start by elaborating the recruitment function for plants, which relates the number of recruits (i.e., seedlings or later life stages) to the initial input of seeds. Few attempts have been made to experimentally evaluate plant recruitment functions (but see Shaw and Antonovics 1986) , although the relationship between seed density and recruit seedling density has been examined observationally (Harms et al. 2000; HilleRisLambers et al. 2002) . Without knowing the recruitment function, we (1) cannot unambiguously estimate seed limitation for any given study, (2) cannot make direct comparisons across species (because of differences in results stemming from experimental protocols, such as level of seed augmentation), and (3) cannot distinguish effects of different processes (e.g., seed and establishment limitation). Knowing the recruitment function facilitates all three of these objectives.
Developing the Recruitment Function
We take a cohort approach in our evaluation of the functional relationship between seed input and the subsequent density of seedlings. Although any life stage can be used, we focus on seedling emergence because the seedling stage of a plant's life history is thought to be key to establishing that species' distribution and abundance (Augspurger and Kitajima 1992; Levine and Murrell 2003 ; similar arguments about the early postdispersal stage have been made for reef fish [Doherty 2002] ). Specifically, we examine the time between seed arrival at the soil surface and the census of seedlings during approximately the first year of growth (average duration of days, ; app. study p 357 SD p 244 A in the online edition of the American Naturalist). Establishment limitation is thus determined by factors that constrain the recruitment of new individuals into the seedling population.
The relationship between seed density (i.e., input) and the subsequent density of seedlings (i.e., output or recruitment) can be described by a variety of functions. We now develop a conceptual model of seedling recruitment to demonstrate how the recruitment function can enable us to quantitatively distinguish between seed limitation and establishment limitation. In general, we seek a function that relates recruit density, R, to the initial density of seeds, S. For illustrative purposes, we use a two-parameter Beverton-Holt (1957) 
where R is the density of recruits (in our case, seedlings) that emerge from an input density of S seeds, P 0 is the proportion of seeds that recruit in the absence of density effects (i.e., the slope of the recruitment function at ), and R max is the maximum density of recruits (i.e., S p 0 ). Note that equation (1) can be expressed lim R p R Srϱ max in a continuous-time form, with slightly different meaning of the resulting variables . However, because the studies we draw from have a common end- [1]) that relates seedling density (i.e., recruitment, R) to seed density (S). The "ambient" curve represents an observed relationship between the density of emerged seedlings (i.e., recruits) and initial seed density. When the input of seeds is the only limiting factor, the recruitment function is linear ("Seed limitation only") with a slope of 1 (eq.
[1] with , ), indicating P p 1 R r ϱ 0 m a x the lack of postdispersal mortality and perfect viability of all seeds. S amb is the ambient seed density in the system that results from seed rain and the seed bank and yields a seedling density of R amb . Removing limitation due to density-independent mortality ( ) results in a recruit density P p 1 0 of R DI ("No DI limitation"). Therefore, density-independent limitation can be estimated as . Similarly, removing limitation due
to density-dependent mortality ( ) results in a seedling density R r ϱ the crossover between L S and L E (i.e., where ), point 2 represents S p R max the crossover between L S and L DD ( ), and point 3 represents
from Schmitt et al. (1999) .
point (recruitment to the seedling stage), we prefer the discrete form. In seed augmentation experiments, seedlings emerge from the augmented seeds, from the natural seed bank, and from seed rain. Therefore, R can exceed 0 even when seeds have not been added to a plot. Unfortunately, ambient seed density and natural seed rain are rarely reported in the seed limitation literature. Instead, the investigators generally report the number of seeds added to a plot and the resulting number of recruits. Thus,
amb where A is the augmentation level (density of added seeds) and S amb is the ambient (or background) seed density (from the seed bank and seed rain), which defines where the ambient system "sits" on the recruitment function. Given the limitations of existing studies, most of which fail to directly measure seed rain or seed bank, S amb must be estimated from the recruitment data. Parameters (e.g., P 0 , R max , and S amb in eqq.
[1], [2] ) are estimated by fitting models to the data; these estimates then can be used to quantify the relative importance of different processes.
Quantifying Effects of Multiple Processes
Evaluating the relative importance of seed and establishment limitation (and the roles of density-independent and density-dependent mortalities) can be accomplished by quantifying the sensitivity of recruitment to perturbations in different processes that potentially influence recruitment (e.g., seed limitation, density-independent mortality, and density-dependent mortality). We focus on three general approaches that differ in the size of the perturbation that is imposed. "Limitation" measures how much recruitment increases when a constraint is completely removed, for example, when a site is saturated with seeds or density-independent mortality is absent (Osenberg and Mittelbach 1996; Schmitt et al. 1999) . "Sensitivity" quantifies the increase in recruitment for a small absolute change in the parameter (e.g., in seed density), and "elasticity " estimates the proportional increase in recruits, given a very small proportional increase in the parameter (Caswell 2001) .
Limitation. We illustrate our approach with the BevertonHolt function and focus on recruit (seedling) density under four scenarios (see fig. 1 , table 1; also Schmitt et al. 1999) : (1) ambient conditions (described by eq. [1]), which yields R amb , the density of recruits from ambient seed density, and S amb , derived from the seed rain and seed bank; (2) no seed limitation, which yields R max , found by letting in equation (1) and results from saturating S r ϱ the system with seeds; (3) no density-independent limitation, which yields R DI , found by setting in equa-P p 1 0 tion (1); and (4) no density-dependent limitation, which yields R DD , when in equation (1). The amount R r ϱ max of limitation imposed by a single process is calculated by subtracting the density of seedlings that occurs under ambient conditions from the density that would occur if the limiting process were removed ( fig. 1) ) and initially increase with increasing seed density (fig. 0 2A). However, because density dependence puts a cap on seedling recruitment at high seed inputs, limitation by density-independent mortality (L DI ) eventually peaks and then declines to 0 (because eliminating density-independent losses has no effect when the system is saturated; line L DI in fig. 2A ). Limitation by density-dependent mortality (L DD ) increases monotonically as seed input increases (line L DD in fig. 2A ).
In our framework, establishment limitation (L E ) is represented by the removal of both density-independent and density-dependent losses ("Seed limitation only," fig. 1 ) and can be found by setting and . Thus,
Removal of establishment limitation ensures that all dispersed seeds survive to recruit ( ); thus, seed input R p S alone determines local abundance. Establishment limitation increases (and accelerates) with seed density because of the effects of density dependence ( fig. 2A) .
Establishment limitation is less important than seed limitation at low seed densities but becomes more important as seed density increases ( fig. 2A ). The crossover between seed and establishment limitation occurs where
or when the number of seeds is equal to the maximum number of recruits (i.e., when ). Seed limitation S p R max is always greater than or equal to density-independent establishment limitation ( fig. 2A) . However, the relative importance of seed and density-dependent establishment limitation varies with seed input. Seed limitation exceeds density-dependent establishment limitation until S p (where
sity-dependent establishment limitation is stronger. The crossover between seed limitation and density-dependent establishment limitation corresponds to a seedling density that is half of the maximum ( ). Thus, the dom-R p R /2 max inant process is determined by how close the system is to saturation. If R is within 50% of R max , density-dependent establishment limitation is strongest, and if of R ! 50% R max , seed limitation dominates.
Sensitivity. Sensitivity quantifies the change in recruit density that results from a small change in a parameter (in our case, density-independent survival, P 0 , maximum recruit density, R max , or seed density, S), that is, , where ѨR/Ѩx x is the parameter. The qualitative behavior of these three sensitivities is similar to that of the three limitations (L DD , L DI , and L S ; fig. 2 ). As seed density increases from S p to , declines from P 0 to 0, increases 0 S p ϱ ѨR/ѨS ѨR/ѨR max from 0 to 1, and increases from 0 to an intermediate ѨR/ѨP 0 peak and then decays back to 0. Note that if every added seed returns a new recruit ( ), then the system ѨR/ѨS p 1 is strongly seed limited. If the added seed yields no new recruitment ( ), then the system is not seed lim-ѨR/ѨS p 0 ited (i.e., it is establishment limited). However, any real system will be intermediate to these two extremes (note that ). Any system with high density-0 ≤ ѨR/ѨS ≤ P 0 independent seed mortality ( ) will have small sen-P ≈ 0 0 sitivity to added seeds ( ), even if the system is ѨR/ѨS ≈ 0
Figure 2: Results of the analyses of limitation (A) and elasticity (B) for
Rumex acetosa (Edwards and Crawley 1999 ) from caged plots in the autumn, where
is the elasticity of seed input S and densitye P S 0 independent survival P 0 , and is elasticity of the saturation density e Rmax R max . A, Seed limitation exceeds density-dependent limitation until (where ), which occurs at 75,935 seeds m Ϫ2 with a
recruit density of 1,644 seedlings m Ϫ2 (where ). At higher seed R p R /2 max densities, density-dependent limitation is strongest. The crossover between seed and establishment limitation occurs at 3,284 seeds m
Ϫ2
. B, The relative importances of density-dependent mortality and the combined effects of seed supply and density-independent mortality, as assessed by elasticity, shift as seed input increases, with density-dependent mortality gaining in importance. Seedling density is more sensitive to density-dependent mortality when (less than 75,935 seeds
) and more sensitive to density-dependent mortality when S 1 . Ambient seed densities were estimated to be 93 seeds m Ϫ2 (table  R /P   max  0 2), indicating that this system is primarily seed limited.
far from being saturated with recruits ( ), and
it is therefore strongly seed limited, as measured by L S .
To deal with these intermediate cases (such as , but ), it would be helpful to com-
pare the relative strength of different sensitivities rather than focus on the magnitude of a single value. Unfortunately, sensitivities are difficult to compare because they may have different units (e.g., is the change in ѨR/ѨP 0 recruits per small change in proportion surviving, whereas is the change in recruits per seed). Because sensi-ѨR/ѨS tivities compare responses on dissimilar scales, this approach has fallen out of favor in much of ecology (e.g., Caswell 2001). We therefore do not evaluate sensitivities further but instead discuss the use of elasticities (in which all parameters are compared on a proportionate basis). We return to the issue of sensitivity in "Discussion," in light of a companion analysis (Clark et al. 2007 ).
Elasticity. Elasticity, e, quantifies the proportional change in recruit density that results from a small proportional change in model parameters (in our case, P 0 , R max , and S amb ); that is, , where
x is a parameter in the model. For example, indicates e p 1 S that a small proportional change in seed input, S, yields an equivalent proportional change in seedling density, R;
indicates that there is a less than proportional e ! 1 S change in seedling density, and indicates a greater e 1 1 S than proportional change. Note that because P 0 and S always appear together in the Beverton-Holt model, their elasticities are equal. We therefore examine their joint elasticity (i.e.,
). e p e p e S P PS 0 0
Elasticities of the Beverton-Holt parameters vary between 0 and 1, indicating that increased seed arrival or survival (due to relaxation of density-independent and density-dependent mortalities) leads to increases in the numbers of emerged seedlings that are proportionally smaller than the proportional change in the model parameters (table 1; fig. 2B ). The elasticities of P 0 and R max are inversely related: decreases as increases bee e P S R 0 m a x cause . Thus, as with limitation, the relative e ϩ e p 1
importance of density-dependent processes and the combined effects of seed supply and density-independent mortality shift as seed density increases, with density-dependent mortality gaining in importance ( fig. 2B ). This shift occurs at the same point as in the limitation analysis (Schmitt et al. 1999 ): seedling density is more elastic to density-independent mortality when and more S ! R /P max 0 elastic to density-dependent mortality when .
The above discussion illustrates how limitation and elasticity, in combination with the recruitment function, can be used to quantify the relative importance of different processes, such as seed supply and microsite quality, and how these effects depend on seed input. We next turn to empirical studies to apply our conceptual framework and to examine the relative importance of seed limitation and density-independent and density-dependent mortalities for the seed augmentation studies to which this approach can be applied.
Methods
Database: Search Methods and Study Selection
We searched the literature for published articles in which seeds were experimentally added to plots (see Clark et al. 2007 for details of the literature search). We found nine publications describing 37 experiments in which seeds of 18 different species had been sown at four or more densities (app. A). A large number of additional studies were found in which seeds were sown at only two densities (none and augmented), and three studies used three densities; these were not used in our analyses because we could not estimate a nonlinear recruitment function with error with fewer than four densities. We defined a study as a single experiment when a species was augmented at four or more densities under the same environmental context (e.g., habitat type, season, or disturbance). For cases in which multiple density treatments were crossed with two or more treatments (e.g., caged vs. uncaged), we considered these to constitute two or more studies.
Analytical Procedure
Application of the conceptual framework required several steps. Briefly, the first step involved identification of candidate models of recruitment that include the biological processes of interest (seed limitation, density independence, and density dependence). Second, the models were tested against each other, and parameter values and measures of variation were estimated. Because of the small sample for each study, we did not fit parameters and error structure separately to each data set. Instead, we used a Box-Cox transformation to homogenize the variance of all studies and then estimated parameters for each study (see "Data Modification and Transformation"). Third, we averaged estimates for each parameter across studies, using a random-effects meta-analysis (Gurevitch and Hedges 1999) . Finally, using these parameter estimates, we calculated limitation and elasticity to evaluate the relative importance of seed and establishment limitation (and the roles of density-independent and density-dependent mortalities). We now describe each of these steps in detail.
Step To determine the best model of seedling recruitment ( fig. 1 ), we used a nested model approach based on the Beverton-Holt function (eqq.
[1], [2] ) to examine the fit of the seed augmentation data to four models: first, seed limitation only (i.e., no density-independent or densitydependent mortality; setting and and
amb second, no density-dependent limitation (letting R r max and estimating P 0 and S amb ): ϱ third, no density-independent limitation (setting , P p 1 0 and estimating R max and S amb ):
fourth, seed limitation and density-independent and density-dependent limitation (estimating P 0 , R max , and S amb , i.e., the full Beverton-Holt model):
The models had one (eq.
[3]), two (eqq.
[4], [5]), or three (eq.
[6]) parameters.
Step
2: Model Fitting and Comparison
Data Modification and Transformation. From each study, we extracted the number (or density) of seeds added at each augmentation level and the number (or density) of seedlings that subsequently emerged in plots. Many studies reported the density of seeds and seedlings within a plot. Because the data were originally collected as counts of seedlings, we converted densities to counts where necessary. Although it would be preferable to use the raw data (each of the replicates for a single augmentation level) for model fitting, most of the studies presented only a mean per augmentation level. Therefore, the sample sizes of the empirical studies used here are derived from a single point for each augmentation level and limited to four to nine augmentation levels. Because of the small sample size of most of the empirical studies, our power to detect nonlinear recruitment functions is limited; we return to this issue in "Results."
We also determined the relationship between the mean and the variance of the data, which we used to guide data transformations. We fitted a Box-Cox transformation (Venables and Ripley 2002) , , using the Fitting Models to Data. Using the Box-Cox transformation (with ) to homogenize the variance (transforml p 0.22 ing the predicted values as well as the data to keep the functional forms of the models the same), we then fitted the four models of seedling recruitment (eqq.
[3]- [6] ) to the data for each of the seed augmentation studies, minimizing the sums of squares. Because very few data points were available for each individual fit (four to nine values with which to estimate models with one to three parameters), fitting the models separately for each species would have led to very uncertain estimates of the residual variance-in many cases estimates based on a single residual degree of freedom. Thus, we estimated the residual variance (needed to estimate confidence limits and test between models) from the combined residuals of all of the data sets. From the combined residual sums of squares, we calculated the negative log likelihood as NLL p C ϩ (df /2) log (RSS /df ),
where NLL i is the negative log likelihood for model i, C is a constant that does not depend on the model, and df i and RSS i are the degrees of freedom and residual sums of squares, respectively, for model i. We then used the likelihood ratio test to compare fits of the models. Specifically, we compared a negative log likelihood based on the combined residual sums of squares ( ) for all studies df p 64 fitted with the more complex model (i.e., eq. [6]) to one based on the combined sums of squares when a single focal study was fitted with a reduced, less complex model (i.e., eq. [3], [4], or [5] ), with all the rest of the species still fitted with the more complex model. This procedure isolated the difference in goodness of fit caused by fitting a reduced model for a particular study while still allowing reasonably reliable estimates of residual variance.
Step 3: Estimating Average Parameter Values
To evaluate the average parameter values and their heterogeneity across studies, we conducted a random-effects meta-analysis for each of the model parameters: P 0 , R max , and S amb . Meta-analysis combines effect sizes obtained from a collection of studies, giving greater weight to studies with more precise parameter estimates (Gurevitch and Hedges 1999) . Meta-analysis requires an estimate of the parameter and a standard error of the estimate . Symmetric standard errors were calculated for each parameter during the model fitting. The estimates and standard errors of P 0 , R max , and S amb for each study were used to calculate the weighted-average effect size (i.e., , , or ) and bias-corrected 95% CIs of each pa-R P S max 0 amb rameter using resampling methods with 10,000 iterations in MetaWin 2.0 (Rosenberg et al. 2000) . We examined the heterogeneity of effect sizes with statistics (Hedges and Olkin 1985) , which are analogous to weighted sums of squares that follow a x 2 distribution. The corresponding P value indicates whether the variance among parameter estimates from different studies is greater than would be expected from the within-study (sampling) error.
Step 4: Evaluation of Limitation and Elasticity
We estimated limitation and elasticity, using the parameter estimates obtained from the Beverton-Holt model and the formulas given in table 1. With the exception of the metaanalysis, all modeling and statistical procedures were performed using the R Language, version 2.2.1 (R Development Core Team 2005).
Results
Recruitment Function
We fitted the four models (eqq.
[3]- [6] ) to all 37 data sets, with the exception of Saxifraga tridactilytes which could not be fitted by the no-density-dependence model (i.e., eq. [4], estimating P 0 , and S amb ). Visual examination of the Saxifraga data suggested a negative slope to the recruitment function. This study was therefore excluded from the comparison of models of seedling recruitment (and may represent a rare case where the Ricker function might be a better descriptor of the recruitment function).
Seed limitation, density-independent mortality, and/or density-dependent mortality were important for describing seedling recruitment (table 2; fig. 3 ). The simplest model, seed limitation only (i.e., eq. [3], estimating only S amb ), failed to fit any of the 36 studies. The no-densitydependence model (i.e., eq.
[4], estimating P 0 and S amb and thus accounting for density-independent mortality and seed limitation) best described the data in 22 cases. The no-density-independence model (i.e., eq.
[5], estimating R max and S amb and thus accounting for density-dependent mortality and seed limitation) best described the data in 10 cases. The full model-seed limitation, density independence, and density dependence (i.e., fitting P 0 , R max , and S amb )-was better than the other models in four cases. Thus, nearly 40% of all studies were best fitted by a curvilinear recruitment function that incorporated densitydependent mortality. Sixty percent of studies were best fitted by a linear function, although density-independent mortality was an important factor (i.e., CIs on P 0 excluded 1) in 79% of studies. Because of the small number of augmentation levels, our power to detect nonlinear recruitment functions was limited. Thus, these results should be interpreted cautiously because significance tests of species-specific parameters are based on few data points and are therefore likely to underestimate the number of species for which a nonlinear function best describes the data.
Average Parameter Values: Overall Effect of Density Independence and Density Dependence
Here we examine the overall effects of density-independent and density-dependent survival across the 37 studies, using the parameter estimates from the full Beverton-Holt model (i.e., estimating P 0 , R max , and S amb ). We use all studies in this summary (not just "significant" ones or ones with particular values of parameters), but in eight of them, R max was estimated as infinite (because those studies used seed densities well below saturation and therefore R max could not be adequately estimated). We also use the full model because it is more general, includes the linear model as a special case, and can yield better combined estimates of parameters (e.g., R max ) that might be hard to estimate in any given study. Our approach downweights uncertain estimates and therefore discounts less informative studies. The mean (weighted) density-independent survivorship rate ( , Model fits to the data largely depended on the maximum density of seed augmentation, which determined whether the curve reached an asymptote. Of the 14 studies fitted best by a curvilinear model (i.e., with R max fitted), 13 (93%) had maximum seed augmentation densities of 200,000 seeds m
Ϫ2
. By contrast, only five (23%) of the studies best fitted by the linear function had maximum seed augmentation densities of 200,000 seeds m
, and most had maximum seed densities of less than 20,000 seeds m Ϫ2 .
Patterns of Limitation
Having shown that the Beverton-Holt is a plausible general model for seedling recruitment, especially under relatively high seed augmentation densities, when the asymptote is best revealed, we now examine the relative importance of each of the three processes (seed limitation, density independence, and density dependence) for the 36 studies. In general, at ambient conditions, seed limitation constrained recruitment more than either density-independent or density-dependent limitation: L S exceeded both L DD and L DI in 33 of 36 cases. Of course, mathematically, seed limitation must always be greater than or equal to density-independent limitation (see "Limitation"). However, these results demonstrate a relatively minor role for Note: log likelihood. The same species may appear in multiple studies because some species were NLL p negative subjected to different treatments (i.e., differences in habitat or season or imposed treatments, such as caging of seeds, addition of fertilizer, or disturbance of the ground). The two-parameter models (fitting either P 0 and S amb or R max and S amb ) were first compared against the one-parameter S amb model (fitting S amb ;
). The best two-parameter model df p 63 (with the lowest NLL) was then compared to the full model ( ). Based on the lowest NLL score (in boldface), df p 62 the no-density-dependence model won 22 times, the no-density-independence model won 10 times, and the full model (seed limitation, density-independent limitation, and density-dependent limitation) won four times. The seed-limitationonly model never won against the other models.
a Fitting S amb ( ; ) . P p 1 R r ϱ 0 m a x b Fitting P 0 and S amb ( ) . R r ϱ max c Fitting R max and S amb ( ) . P p 1 0 d Seed, density-independent, and density-dependent limitation; fitting P 0 , R max , and S amb . density dependence: density-dependent limitation was greater than seed limitation in only three studies (table 3) . Even in the 14 cases in which there was demonstrable density dependence, seed limitation exceeded densitydependent limitation in 13 cases. Establishment limitation (the aggregate effect of density-dependent and densityindependent mortalities) was greater than seed limitation for only four of 36 studies. If we restrict our attention to the 14 studies with demonstrable density dependence, average seed limitation was 2,787 seedlings m Ϫ2 (SD p ), meaning that complete saturation of the plot with 8,301 seeds would result in the addition of approximately 3,000 seedlings m
Ϫ2
. Density-independent limitation was 292 seedlings m Ϫ2 ( ), and average density-depen-SD p 1,014 dent limitation was 148 seedlings m Ϫ2 ( ). Thus, SD p 481 even for the studies in which there was the greatest evidence of density-dependent recruitment, seed limitation was an order of magnitude greater than limitation imposed by density-dependent or density-independent losses.
Elasticities: Where Do Systems Sit on the Recruitment Function?
The above results suggest that systems rarely have sufficient seed input to incur strong density dependence. However, it is difficult to make quantitative comparisons among systems because of large differences in maximum recruit density (e.g., comparing grasses with trees). Alternatively, relative patterns of limitation can be evaluated by determining where plant systems are located along the recruitment function: for example, by comparing recruitment at ambient seed density (R amb ) to the maximum possible recruitment (R max ). For the Beverton-Holt function, elasticity of the density dependence parameter provides a direct measure of how far a system sits along the recruitment function (i.e., how close the system is to saturation): . This measure of saturation ranges from e p R /R 
Discussion
Recruitment Function
For the majority of the studies we examined, the linear function accounting for seed limitation and densityindependent mortality was the best model of seed-toseedling recruitment. However, the nonlinear BevertonHolt function, which contains an additional parameter describing the maximum density of recruits (and accounts for density-dependent mortality), best described the seedling recruitment function in 40% of the studies. Because the Beverton-Holt function reduces to the linear model under particular conditions (as ), it is able to R r ϱ max deal with both linear and nonlinear relationships.
Three lines of evidence suggest that a nonlinear function accounting for density-dependent mortality may be an even more widely applicable model of seedling recruitment than suggested by our analyses. First, because of the small sample size for most of the empirical studies (four to nine augmentation levels), there was limited power to detect anything but strong density dependence. Second, densitydependent mortality by seed predators and pathogens has been shown to reduce seedling emergence in both tropical and temperate regions (Janzen 1970; Webb and Peart 1999; Harms et al. 2000; Packer and Clay 2000; HilleRisLambers et al. 2002) . Therefore, a functional form that does not take into account the density-dependent processes that influence recruitment is of limited general use. Third, most study systems were far from saturation under ambient seed rain, making it challenging to detect nonlinearity unless augmentation was very high. Indeed, the studies with the highest densities of seed augmentation tended to be best fitted with the asymptotic Beverton-Holt function, suggesting that the other cases may have favored the linear function because seed input did not approach the level necessary to detect saturation (see also Osenberg et al. 2002) .
Relative Influence of Seed and Establishment Limitation on Seedling Recruitment
Our results indicate that under ambient conditions, removal of density-dependent and density-independent sources of mortality increases seedling recruitment only slightly, because of the low ambient seed input in these systems; that is, removing these mortality sources had little effect because there were few seeds to act on. Instead, seed supply placed a greater constraint on local abundance of most populations. Therefore, saturating experimental plots with seeds typically resulted in a greater density of emerged seedlings than did removing mortality factors.
In a meta-analysis of 159 species, Clark et al. (2007) found that a small proportion of seeds added to plots Figure 3 : Fit of four candidate recruitment function models to seed augmentation data (density of seedlings per square meter vs. density of seeds added to a plot) for six of the 37 studies. The solid line represents the seed-limitation-only model (fitting S amb ), the dashed line represents the nodensity-dependent-limitation model (fitting P 0 and S amb ), the dotted line represents the no-density-independent-limitation model (fitting R max and S amb ), and the dash-dotted line represents the seed-limitation, density-independent-limitation, and density-dependent-limitation model (fitting P 0 , R max , and S amb ). Codes at the bottom of the plots are the first two letters of the genus name and first three letters of the species name, with the type of disturbance abbreviated in parentheses. See table 2 for a full description of the species name and disturbance and/or treatment. Appendix B, in the online edition of the American Naturalist, includes plots of the data and fitted models for all 37 studies. actually recruit (∼15%) and concluded that postdispersal mortality (all possible processes contributing to establishment limitation) is the dominant constraint on local abundance. Our results, using a smaller number of studies with more augmentation levels, gave similar results: under low levels of ambient seed density, survival to seedlings was very low (on the order of 1%-6%). Clark et al.'s metaanalysis used a large number of seed augmentation studies that included only one augmentation level. Thus, they were not able to parameterize a recruitment function. Instead, they quantified the per seed recruitment response (e.g., comparable to approximating sensitivity, , if seed ѨR/ѨS augmentation were small relative to the degree of nonlinearity in the recruitment function) and used this to assess seed limitation. In contrast to our results, they concluded that populations were not strongly seed limited. The apparent disparity of findings between these two studies is due to the difference in how we defined seed limitation (see above discussion of sensitivity). Armed with Clark et al.'s extensive analysis of the per seed response of plants to seed augmentation and our knowledge of the recruitment function, we can offer a synthesis of the findings of these two articles. Few seed augmentation studies result in saturation, and most systems lie near the base of the recruitment function. However, density-independent mortality losses are large (185%), so that even at low seed densities, few seeds recruit. Consequently, adding a few new seeds results in very few recruits (losses are high). Removing all mortality sources will increase recruitment only slightly because ambient seed density is so low. Instead, because the system is far from saturation, adding large numbers of seeds to the system will lead to a large increase in seedlings even though most of the seeds will die. This is the essence of a seed-limited system: saturating systems with seeds results in a higher total number of seedlings than removing mortality factors. The challenge to synthesizing available data is twofold: (1) most empirical studies do not provide sufficient data to estimate the recruitment function, and (2) alternate definitions of seed limitation are possible (and might be required, given the limitations of the available studies). This can create con- Table 3 : Parameter values from the full Beverton-Holt function (seed, density-independent, and density-dependent limitation) and limitation and elasticity analyses for each study at ambient conditions Centaurea nigra (CENNI autumn ϩ caged) .0265 (Ϫ.0185, .0716) 1,268.3 (Ϫ4,494.8, 7,031.4) .1 (Ϫ177.9, 178.2) 1,268.00
.13 .00 .13 1.00 .00
Cerastium diffusum (CERDI) 1 (Ϫ2. 4738, 4.4738) 414.0 (Ϫ4,124.9, 4,952.9) 4,124.8 (2,365.6, 5,884.0) .0 (Ϫ611.9, 611.9) ϱ .00 .00 .00 1.00 .00
Myosotis ramosissima (MYORA) .0372 (.0121, .0623) 21,088.6 (15,642.4, 26,534.8) 3,725.6 (1,104.0, 6,347.2) 20,952.30 3,028.30 .99 3,587.88 .99 .01
Plantago coronopus (PLACO vegetation removed) .3700 (.2180, .5220) 3,896,517 (3,579,029, 4,214,004) 
survival ( ) and the density dependence parameter ( ). e e P S R 0 max fusion in the literature, where the match between theory and empirical studies is currently weak.
Caveats
We have argued that the study of seed limitation in plants can be facilitated by applying an analytical framework developed for reef fish (Schmitt et al. 1999) . Using this approach, we have quantified the relative importance of multiple factors that contribute to the recruitment of seedlings.
The dichotomy of seed-limited versus establishmentlimited plant populations is too simplistic (Clark et al. 2007 ); seedling recruitment is better described as a continuum along which the strength of seed or establishment limitation changes with increasing seed input (figs. 1, 2). Despite our success in applying an approach developed for fishes, there are limitations to this approach. For example, the strength of processes can change dramatically over the life of a plant, and the results we obtained for the seed-to-seedling transition may not apply to other life stages or to species with different life histories. Most of the species examined here are annuals (10 of 18 species) or fairly short-lived perennials (longevity between three and 10 years) and not tropical trees (app. A). Had we used a different endpoint (e.g., adult plants instead of seedlings), we would have obtained different results. A full picture of seed and establishment limitation requires data from the entire life cycle, but these data are rare in the literature. The density of seeds determines where a species lies along its recruitment function, and for a single system, this is likely to vary ontogenetically (i.e., with life stage), spatially (e.g., with proximity to the adult plant), or temporally (e.g., with interseasonal and interannual variation in seed production and biotic interactions). For example, the spatial patterns of seeds and seedlings are tied to the spatial pattern of adults (i.e., dispersal of plants is more local than dispersal in reef fishes), so we expect that the magnitude of seed limitation will depend on proximity to adult plants because of both variation in seed density and the strength of density-dependent losses (Janzen 1970; HilleRisLambers et al. 2002; Morales and Carlo 2006) .
Our analyses also did not distinguish between seed viability and postdispersal density-independent mortality (their effects were combined in the parameter P 0 ). We therefore searched the literature for germination data to assess how much of the losses were due to seed viability versus mortality of viable seeds. For 13 of the 18 species included in this study, mean germination rates averaged 80% (Froud-Williams et al. 1984; Maun and LaPierre 1986; Hutchings and Russell 1989; Oakley 2004; Rahman et al. 2004; Vance 2004; Dostál 2005) . Therefore, we slightly underestimated the survival at low density (P 0 ) because ∼20% of seeds were likely already dead when they were added to experimental plots. It also means that we overestimated A and S amb because our scale for seed density must be adjusted downward (e.g., , where A is A p vA the true augmentation level, and is the proportion of v seeds that are viable). Similarly, if species have high seed dormancy, then the actual level of augmentation will be lower than we have estimated in our approach because seeds not observed as seedlings are counted as dead even though they may still be viable (but have not yet germinated); that is, A must be reduced and P 0 increased accordingly. When the effects of seed viability and dormancy are quantified and accounted for, estimates of limitation (and elasticity) may change. However, given the extreme results we obtained and the high seed viabilities for the studied species, we suspect that this bias is typically small. The relative importance of seed limitation depends on the ambient seed rain, yet this was not reported in any of the studies. We had to estimate the combined effect of seed rain and the seed bank (S amb ) indirectly from the recruitment data, and the resulting estimates of S amb were extremely variable. This is not surprising because seeds are often dispersed in clumped distributions (Clark et al. 2005) . Empirical studies of seed rain (and of seed banks), in conjunction with seed augmentation experiments, will help us better assess the recruitment function, the importance of seed limitation, and the spatial variation in these processes.
Applying and Extending the Framework
Given the above framework for examining seed and establishment limitation, we now need studies that apply it. Although this could be accomplished by measuring natural seed densities and subsequent seedling establishment, seed densities may not vary enough in a single season, or where they do (with distance from parent plant), it may be difficult to distinguish the effects of seed density from the effects of differences in microsites. There also may be correlations between microsite characteristics that affect survival (or the strength of density dependence) and seed rain, which could bias estimates of the recruitment function (e.g., Wilson and Osenberg 2002; Shima and Osenberg 2003) . Therefore, we advocate improving seed augmentation experiments to learn more about the processes that determine recruitment. Estimation of the functional form will require many more levels of seed augmentation than has been used in past experiments. Indeed, only 26% (11 of 43) of published articles on seed augmentation experiments include more than one level of seed augmentation (Clark et al. 2007 ). Obtaining accurate estimates of density-independent mortality will likely require manipulation of seed densities at several low densities, which may require reduction in seed input relative to ambient seed rain or the seed bank. This type of treatment is rarely considered. On the other end of the curve, it is critical to include several high-augmentation densities (even if such densities are only rarely achieved in the field) to facilitate estimation of the saturation density (Schmitt et al. 1999) . Adding seeds at a minimum of five levels will permit parameter estimation for three-parameter models and verification of model fits with goodness-of-fit tests, but we recommend more than this minimum.
With larger sample sizes, the power to detect more complex recruitment functions will be enhanced. In preliminary analyses, we tested four different recruitment functions (linear, power, Beverton-Holt, and Ricker) against one another, determining the Beverton-Holt model to be the best-fitting model that enabled the detection of density dependence. However, in two of 37 studies, the humpshaped Ricker model was the best-fitting model, demonstrating that density dependence can be sufficiently strong to lead to overcompensation. The Ricker, BevertonHolt, and power functions include only negative effects of density (but see Myers et al. 1995 for a modified version of the Beverton-Holt function that incorporates positive density dependence). In contrast, Blundell and Peart (2004) found that early seedling recruitment in a tropical tree population was positively density dependent, probably because of predator satiation. In such cases, we will need to develop models that incorporate both positive and negative effects of density, whose relative importance changes as a function of seed density. The resulting recruitment functions will be more complex than those we have dealt with here.
Importantly, densities of seeds applied in augmentation studies should be based on the natural seed rain and seed bank. Without knowing background seed density, it is difficult to determine where on the recruitment function the ambient system lies. Seed viability and dormancy tests also should be conducted. Both viability and dormancy can vary greatly, depending on the year and season that seeds are collected (Thompson and Grime 1979; Thompson et al. 1997; Krinke et al. 2005) , and can affect estimates of density-independent mortality. In addition, seed augmentation experiments conducted in different seasons or habitats or under different treatments (e.g., caging or vegetation removal) can elucidate the conditions and species characteristics that explain differences in the recruitment function and patterns of seed and establishment limitation (Edwards and Crawley 1999) .
Studies could quantify effects across different environments and reveal how seed input and the recruitment function vary in space and time (e.g., Wilson and Osenberg 2002; Shima and Osenberg 2003) . For example, the density of different cohorts of the same species and/or the density of heterospecific competitors could influence recruitment dynamics. Comparative studies could then explore how the intensity of density independence, density dependence, and seed limitation varies among species that differ in lifehistory traits (e.g., seed size) and occupy different habitats or environmental conditions. Seedling establishment is an important determinant of plant population dynamics and community species richness (Tilman 1993; Weiher and Keddy 1995) . Therefore, by quantifying the factors that cause species to be rare or abundant, we move another step closer to understanding the determinants of population and community organization. Functional Form of Seedling Recruitment" (Am. Nat., vol. 170, no. 2, p. 167) 
